In contrast to mammalian and yeast systems, the mechanism for intron recognition and splice site selection in plant pre-mRNAs is poorly understood. Splice site sequences and putative branchpoint sequences are loosely conserved in plant introns compared with other eukaryotes. Perhaps to compensate for these variations, plant introns are significantly richer in adenosine and uridine residues than are their adjacent exons. To define elements critical for 3' splice site selection in dicotyledonous plant nuclei, pre-mRNA transcripts containing intron 3 of the maize Adhl gene were expressed in Nicotiana benthamwana nuclei by using an autonomously replicating plant expression vector. Using a series of intron rearrangements which reposition the 3' intron-exon border, we demonstrate that the normal 3' splice site is defined in a position-dependent manner and that cryptic 3' splice sites within the intron are masked by the presence of a functional downstream 3' splice site. Disruption of the AU-rich elements upstream from the normal 3' splice site indicates that multiple AU elements between * Corresponding author. t
-66 and -6 cooperatively define the 3' boundary of the intron. These results are consistent with a model for plant intron recognition in which AU-rich elements spread throughout the length of the intron roughly define the intron boundaries by generating strong AU transition points. Functional 3' splice sites located downstream from these AU-rich sequences are preferentially selected over sites embedded within them.
Pre-mRNA splicing, a two-step process, requires the participation of numerous cisand trans-acting elements and occurs in a spliceosomal complex containing multiple small nuclear RNA and protein components (22, 40) . The essential intronic signals including the 5' splice site (CAG/GUAA GUA), branchpoint sequence (CUPuAPy [Pu, purine; Py, pyrimidine]), and 3' splice site (PyAG!) are conserved to different extents in mammalian, yeast, and plant systems. The polypyrimidine tract preceding the 3' splice site which is required for mammalian intron splicing (13, 14) is often absent from yeast and plant introns (4, 20, 24) . The 5' splice sites found in plant introns contain highly conserved G and U residues at positions +1 and +2 and various degrees of conformity to a 5' splice site consensus at other positions; putative branchpoint sequences are more loosely conserved than in other organisms. Perhaps to compensate for some of these deficiencies, plant introns contain AU contents that are typically 11 to 19% higher than those in the flanking exons (18) .
The brevity of the 5' and 3' splice site consensus sequences suggests that similar sequences might be found at high frequency in many positions of a precursor transcript and implies that some other mechanism(s) exists to ensure selection of authentic splice sites over cryptic sites. The existence of alternatively spliced transcripts, which result from the differential processing of 5' and/or 3' splice sites in the same precursor (51) , has made it increasingly obvious that splice site redundancy exists, and yet our understanding of the factors mediating splice site selection remains very limited. Many factors in mammalian systems affect 3' splice site selection, including branchpoint sequences (38, 39, 46) , polypyrimidine tracts (14, 21, 27) , the distance between the branchpoint and the 3' AG (21, 43, 52) , the distance between the branchpoint and the 5' splice site (50) , secondary structure (6, 30) , and downstream exon sequences (7, 23, 33) .
In mammalian cell nuclei, pre-mRNAs associate with discrete sets of proteins to form heterogeneous nuclear ribonucleoprotein (hnRNP) particles, which are potentially involved in the splicing process (3, 10, 35, 44, 53) . Some of these proteins, such as hnRNPs A, C, D, and I/PTB, intron-binding protein, and U2AF associate with sequences upstream from the 3' splice site (3, 15, 17, 49, 54, 55) . Others, such as hnRNP Al (SF5) in conjunction with its antagonist SF2 (ASF), affect 5' splice site selection (16, 29, 34) .
Little is known about splice site selection in plant nuclei. Some evidence has suggested that the mechanisms for 3' splice site selection in pre-mRNAs differ in mammalian and plant nuclei. Some plant introns can be accurately and efficiently spliced in mammalian systems (5, 26, 56, 57) , but most vertebrate introns are not spliced or are spliced at low efficiency to cryptic 3' splice sites in plant nuclei (2, 42, 56, 57) . Differences which also exist between plant introns have prevented the excision of some monocot introns in dicot nuclei (18, 19, 28, 32) . These variations in splicing efficiency and accuracy have been partially explained by the demonstration that high intronic AU contents are critical for intron recognition in dicot nuclei (18, 19) .
To better understand the splicing deficiencies of monocot introns in dicot nuclei and the importance of AU content in intron recognition, we introduced maize Adhl introns into tobacco (Nicotiana benthamiana) nuclei by using an autonomously replicating geminivirus expression system (36) . This initial analysis (32) demonstrated that intron 3 of the maize (monocot) Adhl gene, 419 nucleotides in length and 66% in AU content, splices as efficiently in tobacco nuclei as do many dicot introns, primarily using the authentic 5' and 3' splice sites and secondarily using three cryptic 3' splice sites within the intron. The low-level usage of these cryptic 4486 LOU ET AL. internal 3' splice sites suggested that these sites represent usable acceptor sites which are masked or inactivated by a mechanism which ensures accurate splicing. In our initial analysis, two critical mutants were constructed to probe for components required for 3' splice site selection. In the first mutant, deletion of 56 nucleotides at the end of intron 3 including the normal 3' splice site efficiently activated a cryptic 3' splice site 105 nucleotides upstream of the normal 3' splice site (Cr3.-105) (32) . The second mutant, in which the CAG trinucleotide at the normal 3' splice site border was deleted, efficiently activated a cryptic 3' splice site eight nucleotides downstream from the normal site and ligated it to the normal 5' splice site (32) .
On the basis of these results, we proposed a model (32) for 3' splice site selection in dicot nuclei which suggests that potential splice sites would be selected if they were located downstream of the AU transition point at the intron/exon boundary and not if they were embedded within AU-rich sequences. To test this model, we have now conducted experiments to determine how other potential 3' splice sites which exist within Adhl intron 3 are suppressed in the wild-type transcript.
MATERIALS AND METHODS
Construction of maize Adhi intron 3 mutants. All of the wild-type and mutant maizeAdhl intron 3 constructs used in this study were subcloned into BamHI-EcoRI-digested Bluescript II SK+ (Stratagene); the BamHI-KjpnI fragments from Bluescript constructs were subcloned into BglII-KpnI-digested pMON458 (25) . The following synthetic oligonucleotides were used for construction and polymerase chain reaction (PCR) amplification of the different wild-type and mutant constructs and transcripts: m3-Ains-5' (5'-AGCCCATGTCC TTCC-3'), m3-Ains-3' (5'-GAGCTCGAATTCCGT-3'), m3-AT1-5' (5'-CTGTCACATGAGGCA-3'), m3-AT1-3' (5'-AT CTGAGCGATTCTAC-3'), m3-AT2-5' (5'-CTCACTCTAG CCGC-3'), m3-AT2-3' (5'-CTGATCTGCCTCAT-3'), m3-A T3-5' (5'-CCTGACTCTGCCAGTAT-3'), m3-AT3-3' (5'-AG GTCTCAGGCGGC-3'), m3-AT20-5' (5'-ATTAAGCCAGTA TC-3'), m3-AT20-3' (5'-CAAGTlT lTlTrCAGGCG-3'), m3-AT4-5' (5'-TACCACTCTTCAGTATACAA-3'), m3-AT4-3' (5'AGAGCAGATCAGCrGAAGAAA-3'), m3-AT2+10-5' (5'-GTT(AT)YTlGAAAlTTCTTG-3'), m3-AT2+10-3' (5'-TA AAGTGAGCTGATC-3'), m3-Accl-5' (5'-TATACATGGA GAGTGTTGGA-3'), m3-Accl-3' (5'-CTGGCAAAATCA-3'), m3-Acc2-5' (5'-G1TGCTGACTAT-3'), m3-Acc2-3' (5'-GTATACGTGAAGTAAATCGG-3'), 3-5' (5'-CCCCGGAT CCCAGACTCCCGTG1TCCCTCG-3'), and 3-3' (5'-CCCC GAATrCAGATC-ITGATCT-I-TGCAACACAA-3').
For constructing deletion mutants, a 298-nucleotide NaeI-SmaI fragment from pSP65 was cloned into the TthIII I site located 50 nucleotides downstream from the beginning of exon 4 in the maize Adhl (9) intron 3 construct (32) to introduce two restriction sites, NheI generating a 5' overhang and SstI generating a 3' overhang, which are required for the Erase-a-Base deletion system (Promega). In the resulting deletion constructs, the only sequences left from the pSP65 fragment are CGCCC at the beginning of the downstream exon. For deletion series II, an adenosine was inserted in this sequence (CAGCCC) by PCR-directed mutagenesis using primers m3-Ains-5' and m3-Ains-3'.
Internally rearranged mutant introns were constructed by subcloning various AccI fragments from maize Adhl intron 3. There are two naturally occurring AccI sites within this intron which are 136 nucleotides apart (see Fig. 4C ). This AccI fragment was removed and the remaining intron was fused to make -285.-i. An AccI site was then inserted immediately downstream of the normal 3' splice site (-1) (see Fig. 4C ) in the -285.-i construct by PCR-directed mutagenesis using primers m3-Accl-5' and m3-Accl-3'; the 136-nucleotide AccI fragment was inserted into this newly created AccI site to generate the -285.-1.-105 construct. An AccI site was also inserted into the same position of the wild-type intron 3 to create 3.AccI, which spliced with the same efficiency and accuracy as did the wild-type intron. To construct -105. -285, anAccI site was inserted at a position 28 nucleotides downstream from the authentic 5' splice site (see Fig. 4C ) of the A315 deletion construct by PCR mutagenesis using primers m3-Acc2-5' and m3-Acc2-3' to make A315.AccI. The 136-nucleotide fragment for site -105 was then inserted into the unique AccI site of A315.AccI. Accidentally, a random 15-nucleotide sequence was introduced during the cloning process at a position 34 nucleotides downstream from the 5' splice site in A315.AccI; this insertion does not affect the splicing of A315.AccI (not shown). All AT mutants were constructed by PCR using appropriate primers listed above.
Agrobacterium and leaf disc transfections. pMON458 constructs were mobilized into Agrobacterium tumefaciens GV3111SE by the triparental mating scheme (47) . N. benthamiana leaves were collected from preflowering plants, cut into discs, and plated on MS104 medium (MS
sucrose, a-naphthaleneacetic acid [1 jig/ml], and benzylaminopurine [0.1 p,g/ml]. The leaf discs were cultured on MS104 medium for 2 days and subsequently infected with the appropriate A. tumefaciens strains, using standard methods (47) . Agrobacterium-infected leaf discs were maintained on MS104 plates under lights for 3 or 4 days posttransfection, frozen in liquid nitrogen, and stored at -80°C prior to nucleic acid isolation.
Nucleic acid preparation. Tissue from 10 to 12 leaf discs was ground for 1 min with a Mini-Beadbeater (Biospec Products) in 2 volumes of buffer containing equal volumes of phenol-chloroform (1:1) and 100 mM LiCI-100 mM Tris-HCl (pH 8.0)-10 mM EDTA-1% sodium dodecyl sulfate (SDS). Samples were centrifuged for 5 min at 12,000 x g to separate the aqueous and organic phases, and the aqueous phase was reextracted with an equal volume of phenol-chloroform (1:1). High-molecular-weight RNAs were precipitated by adding 1/3 volume of 8 M LiCl and holding the samples on wet ice for 8 to 12 h. RNAs were collected by centrifugation for 15 min at 14,000 x g at 4°C, and the residual DNA was removed by digestion with 5 U of RNase-free DNase (Bethesda Research Laboratories) for 60 min at 37°C.
Analysis of transcripts. DNase-treated total RNA samples were reverse transcribed and PCR amplified in a single reaction mixture containing 1 DNA probe. Blots were hybridized in 50% formamide-5 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-25 mM sodium phosphate buffer (pH 6.5)-0.5% (wt/ vol) SDS-5x Denhardt's solution for 16 h at 42°C, and membranes were washed twice in 0.2x SSC-0.1% SDS for 60 min at 68°C. For quantification, the radioactivity in bands on the hybridization membranes was determined with a Phosphorlmager (Molecular Dynamics). Each of the splicing efficiencies presented in this report represents an average of at least three independent transfection experiments. The splicing efficiencies for each transcript are defined as the spliced/total transcript accumulated in each transfection. Control experiments using various proportions of unspliced and spliced (cDNA) template DNA have indicated that under these conditions, PCR products corresponding to the unspliced and spliced transcripts amplify with equal efficiency (31) . For sequence analysis, PCR products were cloned into Bluescript II SK+ (Stratagene), using restriction sites in the 3-5' and 3-3' PCR primers, and individual cloned fragments were sequenced by using the Sequenase 2.0 kit (U.S. Biochemical).
RESULTS
Deletion constructs. Two series of deletion mutants were constructed to determine whether cryptic internal 3' splice sites in maize Adhl intron 3 could be efficiently activated. In these mutants, intronic sequences were progressively deleted from a fixed point 50 nucleotides downstream from the normal 3' splice site. As a result, the downstream exon sequences were positioned against intron sequences as shown in Fig. 1B , 2B, and 3. Because of the different intron lengths, the AU contents of the remaining intron sequences range from 65 to 71% (Table 1) , with most averaging 66%; the downstream exon sequences are 48% AU. A control construct (A50) was expressed to demonstrate that the 50 nucleotides deleted in the downstream exon do not affect the splicing of this intron ( Fig. 2A, lanes 1 and 3) . In the series I mutants (Fig. 1B) , natural exon sequences are ligated to intron sequences; in the series II mutants (Fig. 2B ), a CAG trinucleotide that can serve as an optional 3' splice site has been introduced at the 3' end of each deleted intron. Each of the pre-mRNA constructs containing a single intron was expressed in tobacco leaf disc cells by using an autonomously replicating Agrobacterium-geminivirus expression system (36) that drives transcription from the tomato golden mosaic virus coat protein (AR1) promoter. The splicing pattern for each mutant was analyzed by the 15-cycle PCR-Southern method described in Materials and Methods. All major PCR products cited in the figures were subsequently cloned and sequenced to identify the splice junctions used in each construct.
As shown in Fig. 1 and 2 and quantitated in Table 1 , for nearly all of the mutant introns in series I and II, the percentage of the accumulated transcript that was spliced ranges between 54 and 83%. For each transcript, splicing occurred between the normal 5' splice site and one of five different 3' splice sites. In addition to cryptic site -105 that we have previously described (32), internal cryptic 3' splice sites exist at -139, -199, and -285. Both sets of mutants clearly demonstrate that these internal cryptic 3' splice sites are activated sequentially as downstream intron sequences are deleted. Two of these cryptic splice sites, -285 and -105 ( Fig. 3 ), were activated to efficiencies comparable to and sometimes higher than the value for the normal -1 site (57 to 74%; compare A96, A133, A145, and A315 with wild-type 3.A133 ----- 
Splicing of maizeAdhl intron 3 series II deletion mutants in N. benthamiana nuclei. The analysis and designations are the same as in Fig. 1 except that in series II deletion mutants, a CAG trinucleotide has been inserted at the beginning of the downstream exon. This CAG is used as major 3' splice site in constructs 3.A344, 3.A354, and 3.A379 as indicated. The 3.A101* construct contains a bidirectional deletion between nucleotides +7 and +108 in the exon and no artificial CAG. downstream sites at -1 and -105 (for -139, compare A77 and A179; for -199, compare A145, A199, and A241). In our estimation, once strong downstream sequences are deleted, the efficiency at which the weaker site is used inversely correlates with the length of intronic sequences downstream from it (compare 11% for A199 with 22% for A241). Comparison of the splicing efficiency at the upstream -285 site in the A241 versus A315 mutants (series I) or the A215 versus A306 mutants (series II) suggests that splicing at the weaker downstream site nearer the GC-rich exon is at the expense of the stronger upstream -285 site as a result of either removal of downstream intronic sequences or placement of GC-rich exonic sequences in closer proximity to it.
The major splicing differences between the series I and II intron deletions occur in the shortest-intron mutants which have deletions beyond the strong internal splice site at -285. In the series I A384 construct (Fig. 1) , which lacks this cryptic site but retains a PyAG 44 nucleotides downstream of the 5' splice, splicing was completely blocked, possibly as a result of the short length of the A384 intron sequence. In contrast, the series II A344, A354, and A379 mutants (Fig. 2) , which have a CAG at the end of the intron deletion, efficiently selected the downstream CAG as the 3' splice site. Thus, in the absence of strong acceptor sites, the sequences upstream of the CAG in these constructs are sufficient for 3' splice site recognition. The fact that the external CAG present in the series II mutants is not used in the presence of stronger cryptic sites (-285 and -105) indicates that normally, signals other than a simple CAG trinucleotide are involved in 3' splice site recognition.
One interesting result was obtained in the A101* series II construct, which contains a bidirectional deletion between +7 and +108 in the downstream exon (Fig. 2B ). This deletion, which positions a novel cryptic 3' splice site (Cr3. +132) ( Fig. 3 ) just 31 nucleotides downstream from the normal 3' splice site, allows it to compete quite effectively with the normal -1 site (two lowest-molecular-weight bands in Fig. 2A, lane 2) .
Rearranged intron constructs. The previous experiments indicate that at least two internal sites can serve efficiently as 3' splice sites when downstream intron sequences are deleted and that these sites are apparently masked from usage in the normal intron when the authentic 3' splice site is present. Considering the lack of strong splicing signals near the 3' splice site (e.g., polypyrimidine tract and conserved branchpoint sequence) and the high AU content of dicot introns, we speculated that the termini of dicot introns are recognized by the transitions in AU content across the intron/exon boundaries. To determine whether the potential splice site located closest to the 3' end of the AU-rich intronic sequences serves as the 3' splice site, we constructed several internally rearranged intron mutants (Fig.  4C ) in which the relative positions of the three potential 3' splice sites (-285, -105, and -1) were switched in the intron. Each of the sites in rearranged constructs contains approximately 100 nucleotides upstream from a potential 3' splice site and is designated by the order of sites from 5' to AT mutants. As might be expected, a large number of PyAG trinucleotides exist in both intron and exon sequences. Seventeen PyAG motifs are scattered throughout maize Adhl intron 3; however, only three of them, -1, -105, and -285, are used at high efficiency in the deletion series I and II mutants, while -139 is used at intermediate efficiency and -199 is used at low efficiency. This finding implies that signals other than PyAG play important roles in the selection of 3' splice sites. The efficient splicing of the rearranged constructs, described above, demonstrates that the signals critical for masking upstream sites and/or activating particular downstream sites lie within 100 nucleotides upstream of each PyAG. The high AU content of this intron is represented by AU islands (defined arbitrarily as at least four A or U residues in a row) spread throughout the length of the intron. Six of these AU islands lie upstream of the normal 3' splice site (-1); four and six lie immediately upstream of the -105 and -285 sites, respectively. To determine whether these elements might serve as critical signals involved in 3' splice site recognition, we designed experiments to disrupt two or four of the AU islands at a time in the region upstream of the -1 splice site. The presence of cryptic site -105 upstream from these elements sets up a cis competition between these two potential splice sites. For this series of AT mutants, the AU sequences in the region upstream from the -1 splice site were arbitrarily grouped into three sets of elements, each containing two AU islands. The two AU islands in each element were disrupted by changing U residues to C residues or A residues to G residues by PCR-directed mutagenesis to generate the AT1, AT2, and AT3 mutants (Fig. SB) . In designing these mutants, we lowered the AU content without changing the pyrimidine-to-purine ratio or disturbing any discernible branchpoint sequences. Four AU islands within this region were disrupted by combining the individual AT mutants to generate double mutants AT1+2, AT2+3, and AT1+3. To address the role of nucleotide content in 3' splice site VOL. 13, 1993 on December 12, 2019 by guest http://mcb.asm.org/ recognition, we also constructed an AT20 mutant in which the uridine content of the AT3 element was lowered without changing the AU content (U-to-A mutations only; Fig. SB) ; the AT3 mutant primarily contains U-to-C mutations in this element.
Surprisingly, all of the single element mutants produced qualitatively, but not quantitatively, similar results in that the normal 3' splice site was inactivated and the cryptic site -105 was activated (Fig. SA, lanes 2 to 4 and 11 ; Table 1 ). Quantitatively, the mutants had different effects. AT1, AT3, and AT20 more effectively inactivated recognition of the authentic -1 splice site and activated the -105 site; AT2 used both sites with approximately equal efficiency. The different combinations of the AT1, AT2, and AT3 mutations in the AT1+2, AT2+3, and AT1+3 double mutants inactivated recognition of the -1 site more effectively than did the single-element mutations (Fig. 5A , lanes 5 to 7; Table 1 ), suggesting that the individual mutations represent different recognition elements which cooperatively define the 3' splice site at -1.
When the AT elements upstream of the cryptic -105 site were disrupted in the AT3 mutant background (mutant AT3+4; Fig. SB) , cryptic site -285 was the major 3' splice site used, although others were used to various extents (Fig.  SA, lane 8 ; Table 1 ). This result provides further evidence The fact that two mutants for the same element, AT3 (five U to C and one A to G) and AT20 (U to A), inactivated the normal -1 splice site to the same extent suggested that uridines may be important in the region preceding the 3' splice site. To further investigate the significance of U-rich motifs, AT2+10 mutants were constructed by introducing five or six uridines into the region between the AT2 and AT3 elements in the AT2 mutant background (Fig. SB) . The AT2+10.A and AT2+10.T mutants, which have a degenerate nucleotide at one position, both effectively reactivated use of the downstream -1 splice site (Fig. SA, lanes 1, 3, 9 , and 10) indicating that the addition of uridine-rich tracts to a down mutant can efficiently restore selection of the normal 3' splice site. internal cryptic sites at -105 and -285 in maize Adhl intron 3 can act as efficient splice sites in tobacco nuclei. Given the appropriate context, these sites are used with efficiencies (57 to 74%) comparable to and sometimes higher than that of the authentic (-1) splice site (57%). The rearranged intron mutants indicate that the signals required for the recognition of these sites lie within 100 nucleotides of each potential splice site. To further test this, we constructed several truncated introns which contain only the authentic 5' splice site of maize Adhl intron 3 and one of the three potential 3' splice sites and have demonstrated that all three can be spliced accurately in tobacco nuclei (31) . This ability to strongly activate internal cryptic sites by deleting or mutating functional downstream intronic elements appears to be a unique feature of plant intron recognition. Similar deletions of the polypyrimidine tract and other intronic sequences upstream from the 3' splice site of mammalian introns affect the earliest steps in mammalian intron recognition; deletions or mutations in them block spliceosome assembly (12, 45, 48) , and changes in the polypyrimidine tract length affect the ability of an intron to carry out 5' cleavage in the absence of the 3' AG (43) . Only one case of internal cryptic 3' splice site activation in a mammalian intron has been reported, and even in this case, the cryptic site was used at an efficiency substantially lower than that for the normal splice site (1) . Although many acceptable 3' splice sites exist within maize Adhl intron 3, our experiments demonstrate that a mechanism exists in tobacco nuclei to prevent selection of the wrong sites and facilitate selection of the correct one. The processing patterns for the rearranged intron mutants indicate that of the three functional splice sites within intron 3, the 3'-most site is selected independent of the site located at that position and that internal sites are silenced. The position dependence of this selection scheme is supported by the AT mutants in that disruption of the -1 site in AT1, AT2, and AT3 activates site -105 instead of site -285 and simultaneous disruption of the -1 and -105 sites in AT3+4 activates -285 ( Fig. 5 ). These data provide strong evidence that the internal potential 3' splice sites are masked by a mechanism(s) which leaves only the 3'-most external site available for splicing. The progressive activation of the -285 and -199 sites by deletion of downstream AU-rich intronic sequences in the series I and series II deletion mutants suggests that AU-rich elements may be involved in this masking effect.
Critical intronic elements. Although the experiments described above indicate that the presence of a downstream 3' splice site serves to mask upstream sites, little information exists on the exact sequences required to mask the upstream 3' splice site and/or define the functional downstream site. AU-rich elements are spread throughout most plant introns, existing even in the region between -3 and -20, which, in a mammalian intron, would contain a prominent polypyrimidine tract (U+C). Plant introns, especially those in dicots, have high uridine contents in this region, with A as the next most abundant nucleotide (4, 20, 24) .
The importance of having a continuum of AU-rich elements upstream from the normal splice site (-1) is apparent from our analysis of the AT mutants. Mutations in any pair of the AU islands partially inactivate the normal site and activate the first internal cryptic site (-105) . Mutations in any four of the AU islands completely inactivate the external -1 site, indicating that these elements cooperatively affect selection of the downstream splice site. Although these initial AT mutations point to the importance of having multiple AU-rich elements, they do not distinguish between the AU islands acting as binding sites for factors which mask upstream cryptic sites versus factors which define the functionality of the downstream site. It is entirely conceivable that some of these sequences serve as masking elements and that others, especially those closest to the 3' splice site, contain motifs critical for usage of the downstream splice site.
These data highlight the importance of maintaining continuity in the AU elements upstream of a functional 3' splice site and demonstrate that disruption of these elements activates cryptic sites within the intron. The AT2+10 mutants demonstrate that the function of elements at moderate distances (32 to 44 nucleotides) from the 3' site can be rescued by the introduction of U-rich tracts at alternate sites.
It is interesting to note that the three strongest 3' splice sites (-1, -105, and -285) which exist in maizeAdhl intron 3 contain stretches of four consecutive uridines within 10 nucleotides of the PyAG; other potential PyAG acceptor sites do not. These short U-rich tracts certainly do not resemble the 14-to 18-nucleotide long pyrimidine tracts found in vertebrate introns, and thus their potential role in 3' splice site definition may have been overlooked in previous homology searches. Short U blocks (more than three uridines) exist within the last 25 nucleotides of 80% of the 101 dicot introns that we have examined (not shown), and uridine tracts of similar length (more than four uridines) and position are prominent in the vast majority of all pre-mRNA introns, excluding Schizosaccharomycespombe (8) . Though pyrimidine tracts are not abundant in many of these other organisms, it is clear that splicing in Saccharomyces cerevisiae, which generally does not require a polypyrimidine tract, is enhanced by the insertion of U-rich sequences upstream from the 3' splice site (41) .
The importance of having particular nucleotides in the region immediately preceding the 3' splice site can be inferred from a comparison of the splicing patterns of the AT3 and AT20 mutants with those for the wild-type intron. AT3, in which uridines in the two AU islands immediately upstream from the normal 3' splice site were replaced by cytidines, and AT20, in which uridines in the same two AU islands were replaced by adenosines, both dramatically block recognition of the normal 3' splice site and activate the upstream -105 site. This observation and the finding that similar U-to-A mutations in the regions immediately preceding the 3' splice sites in pea rbcS3A intron 1 and pea Adhl intron 2 prevent recognition of the normal 3' splice site (not shown) provide preliminary evidence that uridines are critical in the region immediately preceding a 3' splice site. The presence of U tracts within 10 nucleotides of the three functional 3' splice sites and the cryptic site used in the A101* mutant lends further support to this suggestion.
The role of particular nucleotides in the AU elements further upstream from the 3' splice site is unclear at this point because mutations in the AT1 and AT2 elements have involved only U-to-C mutations. An earlier study performed by Goodall and Filipowicz (18) indicated that adenosines can effectively replace uridines in the center of a synthetic intron with prototype splice sites. However, because the synthetic intron tested in this study differs from the one that we have tested in several ways, these data cannot be extrapolated to our analysis. The most substantive difference is that the synthetic intron used in the earlier study was 85 nucleotides in length without any apparent alternative 3' splice sites. Second, the synthetic splice sites tested represented optimal consensus sequences, unlike natural introns, which gener-VOL. 13, 1993 on December 12, 2019 by guest http://mcb.asm.org/ ally have less than optimal splice sites. Within these contexts, adenosine and uridine substitutions may be equifunctional. Until further mutagenesis is completed, it remains conceivable that uridines and adenosines act interchangeably in the internal AU elements but not in the sequences immediately preceding the 3' splice site.
Cryptic exonic sites. Each of the prevailing 3' splice sites is a PyAG motif preceded by multiple uridines which lies downstream from the AU-rich elements. If such a site does not exist a defined distance downstream from the AU-rich sequences, the splicing machinery selects an alternate site within this AU-rich intron. Results for the A101* mutant suggest that potentially functional cryptic splice sites in the downstream exon, such as Cr3. +132, are silenced either by their distance downstream from the AU-rich sequences and/or their location within GC-rich exonic sequence. In the normal GC-rich exon, Cr3.+ 132 is silent, and it remains so in all of the series I and II deletion constructs in which it is placed 81 nucleotides downstream from the AU-rich sequences. In the A101* mutant, in which it exists just 31 nucleotides downstream from the normal 3' splice site, Cr3.+132 is functional and used at an efficiency slightly lower than that for the normal -1 site (22 versus 37%). This finding clearly indicates that two PyAG acceptor sites within 31 nucleotides of the AU-rich elements can compete with one another and that those much further downstream (>80 nucleotides) cannot be recognized. Whether these exonic cryptic sites are silenced in a passive way by their distance from the AU-rich elements or more actively by the existence of GC-rich sequences upstream from them is under investigation. The flexibility of this 3' splice site selection scheme for plant introns exists in striking contrast to the rigid 3' splice site requirements of the mammalian splicing machinery.
Binding factors. It appears that multiple sequence motifs affect 3' splice site definition in dicot nuclei. The additive effects of the mutations in AT1+2, AT2+3, and AT1+3 suggest that the protein factor(s) which recognizes these elements binds through cooperative interactions. Whether this activity involves one protein having multiple binding sites or functions or multiple proteins binding cooperatively at individual sites is unclear, but a functional 3' splice site is clearly distinguished by its position downstream from a continuous series of AU-rich elements. Some of the more obvious candidates for factors capable of recognizing these AU-rich elements are the plant homologs of the hnRNP proteins that associate in a sequence-dependent manner with the nascent mRNA precursors in mammalian cells (10, 11, 54) . The association of hnRNP proteins with individual RNAs of defined sequence in the H complex prior to the formation of an active spliceosome has already indicated that hnRNP proteins play an important role in the mechanism of mammalian intron recognition. The plant counterparts of these hnRNPs may be responsible for the early stages of intron recognition in plant systems, and given the variety of different AU-rich motifs in plant introns, different hnRNPs probably exist to recognize U-rich, A-rich, and A,U-alternating sequences.
In conclusion, it is apparent from this study and our analysis of factors affecting 5' splice site selection in plant nuclei (37) that dicot plant nuclei rely heavily on AU-rich elements for intron recognition and splice site definition. Although this dependence on AU elements may exist only in select groups of organisms, the prominence of AU-rich introns in a variety of organisms, including Tetrahymena thermophila, Drosophila melanogaster, and Caenorhabditis elegans (8) , suggests that the model for 3' splice site definition described here may actually exist in a wide variety of genera.
